INTRODUCTION
Fibrous composite materials can be as strong and stiff as steel, have a The weight saving potential of composites is Simple structural members such as beams and pipes can be made lower density than magnesium, and can be tailored to have maximum strength and stiffness in specific directions. well documented. with relatively inexpensive processes such as pultrusion, braiding, and filament winding. tape laying machines. These processes are not labor intensive and produce structures with relatively few parts. Thus, composite structures have the potential to be cost effective and even cheaper in some cases. On the other hand, composites are very notch sensitive because of the linear-elastic fibers that carry most, if not all, of the load.
Larger structures can be made using filament winding and automatic Composites do not develop through-the-thickness fatigue cracks as do metals. However, low-velocity impacts caused by debris, dropped tools, and collisions can break fibers resulting in crack-like damage and a reduction in tension strength [1, 2] . The damage can extend completely through the thickness or part way through the thickness of thick laminates. Thus, fracture toughness is a very important property of composites as well as metals.
The fracture toiip,hness of composites depends on fiber and matrix properties, fiber orictntations, and stacking sequence. There are far too many combinations of fiber, matrix, and layup to evaluate experimentally. Thus, some analytical guidance is needed to select fiber, matrix, and layup to give maximum fracture toughness for a given strength and stiffness. Accordingly, a parametric study was made to determine how fracture toughness is affected by fiber and matrix properties and fiber orientations. Stacking sequence, which affects interlaminar stresses and bending stiffness, was not studied. The laminates were assumed to be balanced (equal number of plies with +a and -a orientations) and, except for a filament wound laminate, symmetric about the midplane.
Comparisons were made with test data for through-the-thickness cracks and surface cracks to give credibility to the study. Both [Oi/k45./9OkIns and Otherwise, bending and twisting could accompany stretching.
laminates with resin matrices were considered. These include most J ns laminates of interest. The general fracture toughness parameter developed in [3] and [4] was used to predict the fracture toughness. This method only required the elastic constants of the laminae, the fiber failing strain, and the fiber orientations. These properties are readily obtainable. principal ply coordinates (1 refers to fiber direction)
The following notation is used to describe layup. All laminates are symmetric about the midplane as indicated by the lower case " s " outside the parentheses. layup from the outside to the midplane. A numerical subscript on the fiber angle denotes how many consecutive plies are at that angle. numerical subscript on a group of plies denotes how many consecutive groups have that pattern. Fiber angles are separated by a slash and listed in the order of Likewise, a
PREDICTIONS OF FRACTURE TOUGHNESS
In [ 3 ] and [ 4 ] , a general fracture toughness parameter that is a constant for all fibrous composite materials was derived. This parameter can be used to predict the fracture toughness of composite laminates using only the elastic constants of the laminate E E and v and the ultimate tensile failing strain of the fibers ctuf. matrices with boron, graphite, or glass fibers. The derivation is briefly repeated below.
x' y s YX The predictions were tested for both metal and resin First, attention was directed to the principal load-carrying plies. These plies are usually the ones most aligned with the loading direction and hence carry most of the axial load. Consequently, their failure is sufficient to Next, failure of the principal load-carrying plies was predicted by using a maximum-strain criterion. At failure, the fiber strains ahead of a crack tip in a specially orthotropic laminate under plane stress and mode I conditions are
given by
where r is the distance from the crack tip. The coefficient Qc is the general fracture toughness parameter given by
The angle a is the angle that the principal load-carrying fibers make with the y-axis. At failure, the critical level of fiber strains in the principal loadcarrying plies just ahead of the crack tip was assumed to be the same for any layup. Furthermore, the critical strain level was assumed to increase in This proportion to the ultimate tensile failing strain of the fibers E criterion is equivalent to a point-strain criterion applied to the principal load-carrying plies. That is, at failure, E IC = E tuf at rdo in equation (1) . By retaining only the r -'I2 term, equation (1) gives tuf which is a constant for all composite laminates, independent of layup and material.
Values of QC/etUf
were calculated from the strengths of composite specimens containing central crack-like cuts that extended through the thickness [ 4 ] . The composite laminates had various layups and were made of resin and metal matrix materials with graphite, boron, and glass fibers. The thickest of the laminates had16 plies. A representative value of QC/etUf was 1. The value of E /< in equation ( The 0 plies in some of the resin matrix laminates in [4] split at the ends of the cuts and delaminated before the laminates failed. Splits and delaminations are not taken into account in equations (1) and (2) . Long splits accompanied by delaminations can greatly reduce the stress concentration factor [5] and hence elevate the strengths and values of equation (2) . Therefore, the values of QC/etUf that were calculated for laminates with large splits and delaminations in [4] were not valid. These laminates had 50 percent or more 0 plies or several consecutive 0 plies. The matrix failures resulted from the low transverse normal strength and shear strength of the 0 plies and the large interlaminar stresses between the 0 and fa plies. The 1.5 Jmm value for QC/etUf from [4] is an average of the values for laminates where the splits and delaminations were judged to be small compared to the length of the cut, much like plastic zone sizes in metals.
Qc/etuf calculated with 0 0 0 0
An experimental investigation of Harris and Morris [6, 7] showed that the effect of splits and delaminations at the ends of the cut depends on the thickness of the laminate. They tested center-cracked, compact, and three- Using pyrolysis, Harris and Morris [ 6 , 7 ] separated the plies of specimens (deplied) that had been loaded to within a few percent of their estimated strength. Matrix and fiber damage in individual plies was then visible. They found that splits and delaminations at the ends of the cuts were confined to the plies near the surfaces, similar to edge delaminations in thick laminates [ 8 ] .
However, 0 fibers were broken in the interior plies for a short distance ahead of the cut. The surface plies carry a large portion of the load in thin laminates but not in thick laminates. Thus, the splits and delaminations dominated the fracture of thin laminates but not the fracture of thick 0 laminates. As noted previously, the 0 splits and delaminations tend to elevate strengths and fracture toughness as evidenced by the thin specimens. Instead, the +45 plies delaminated prematurely throughout the net section, apparently reducing strengths and toughnesses.
Equation (3) should be valid for other T300/5208 laminates with similar proportions of 0 0 plies are not grouped together. It is probably valid for T300/5208 laminates with more than 50 percent 0 2) but certainly not for as many as 100 p laminates (all 0 plies) tend to split at the ends of a cut regardless of thickness. It is important to realize that equation (3) can give accurate predictions for resin-matrix laminates thinner than 10 to 20 ply groups as evidenced by the results in [ 4 ] .
[0 /+45 / 9 0 Ins and [0 /f45 Ins T300/5208 laminates are reasonably accurate for thin laminates. fiber and matrix properties as well as layup. matrix stresses and more splitting and delaminating, whereas stronger matrices result in less splitting and delaminating. equation (3) depends on the properties of the fibers and matrix as well as the layup.
0
. plies and with more than 10 to 20 ply groups as long as many 
where Elletuf was replaced with VfFtUf. Thus, fracture toughness increases in proportion to fiber strength, not failing strain, and fiber volume fraction.
Expressing equation (5) and substituting equation (7) into ( 6 ) gives ( 7 ) Thus, for composite laminates, the relative amount of strength retained varies inversely with 5 . The right-hand side of equation (8) For the S-Glass/epoxy, which has the largest value for E22/E11 in table I, Ko/FtU -2.32 Jmm. Therefore, the notch sensitivity of quasi-isotropic laminates is virtually independent of fiber properties. Ultimate tensile strength also increases in proportion to fiber strength, much like fracture toughness in equation (5). Therefore. stronger fibers can be selected to increase ultimate tensile strength and decrease weight without increasing notch sensitivitv. Similar results can be shown for other layups. On the other hand, fracture toughness and ultimate tensile strength of metals do not necessarily increase together, and metals with large ultimate tensile strengths are usually more notch sensitive than those with smaller ultimate tensile strengths.
Hybrids
When different fibers are combined to make a hybrid laminate, fracture toughness increases with increasing fiber modulus as well as increasing fiber strength. Test Although the fiber strengths are nearly equal, the values for fracture toughness for the hybrids are considerably greater than those for the nonhybrids made from the same constituents. Thus, the combination of materials can increase fracture toughness synergistically. The basic reason for the increase in fracture toughness is that the graphite fibers are much stiffer than the Sglass and Kevlar-49 fibers, causing the k45 plies irt the hybrids to carry a greater share of the load. result in the hybrid with the highest fracture toughness. Also, the fracture toughness of the all-S-glass is higher than the all-Kevlar-49 and all-graphite because the ratio E22/E11 is larger. The test values are higher than predicted for the hybrids because of matrix damage at the ends of the cuts.
O
The S-glass fibers have the lowest modulus and
Matrix Properties
Equation (5) for quasi-isotropic laminates predicts the same fracture
The T300 and Celion G12/Ell' and v 12 toughness for the same E22/Ell, graphite fibers in table I have nearly the same strengths and failing strains, however the 5208, BP-907, and polyimide matrices have quite different strengths and failing strains. epoxy are about two times those of 5208 epoxy. [4] . For a given proportion of 0 and 45 plies, the normalized strengths were about the same. Thus, as long as matrix damage at the ends of the cut is small and the fibers carry most of the load, even the differences between the properties of resin and metal matrices have little effect on fracture strengths, which is equivalent to little effect on fracture toughness. toughness can be predicted with equation ( 3 ) in these cases using a = 45 or a.) On the other hand, for a large percentage of 0 plies, the curves may not be valid because of large matrix damage at the ends of the cuts.
Actually, for some very small percentage The test values for fracture toughness for the thickest are Except for shallow surface cuts, thick resin-matrix composites fail in two stages: first, the cut ligament or sublaminate, which also delaminates at the bottom of the cut, and then, with additional load, the uncut ligament. See figure 11 . The two stages of failure are referred to as first-and remainingligament failure. The delamination can initiate prior to failure of the first ligament, but it does not spread throughout the specimen until the first ligament fails. For shallow surface cuts, the laminate fails in one stage as a metal. The stress for first-ligament failure decreased with increasing surface cut size according to linear elastic fracture mechanics, and the stress for remaining-ligament failure varied inversely with its thickness, ta, much as an uncut laminate. For thick graphite/epoxy laminates, impacted specimens failed similarly, indicating that impact damage and surface cuts are equivalent [1,21. The failure of the first ligament was assumed to occur when the maximum stress intensity factor along the front of the crack-like cut was equal to the fracture toughness K Using the stress intensity factor equation in the Q' Appendix for a semi-elliptical surface crack in an isotropic homogeneous plate, the stress for first-ligament failure Sc is given by Test values from [12] and predicted values for stresses for first-and The test values for first-ligament strength in figure 12 are averages of five values, and those for remaining-ligament strength are averages of two to four values. communications with the authors [12] .) The stresses were calculated using the gross area tW. The specimens with c/a -0.5 and 1.0 were 25.4 mm wide, and those with c/a -3.9 were 50.8 mm wide. Except for the smallest values of cut depth, the test and predicted strengths agree. For the smallest values of cut depth, the laminates failed as one part, much like metals, and the firstligament strengths are overpredicted. The tests were conducted in a strokecontrol mode allowing the load to drop when the first ligament failed. Thus, the failures of the first ligaments of specimens with c/a = 1.0 were arrested. Subsequent loading revealed that the remaining-ligament strengths were lower than the first-ligament strengths, as predicted by the solid and dashed curves.
For c/a -3.9, ligament strengths. But, for c/a = 0.5, the first failures were not arrested, and the composite specimens behaved more like metal specimens.
(The remaining-ligament strengths were obtained by private the remaining-ligament strengths were higher than the first-Similar results are plotted in figures 13(a) and 13(b) for a 36-mm-thick AS4/HBRF-55A laminate that was filament-wound. The data were reported in [l] and [13] . The specimens were cut from a 0.76-meter-diameter cylinder. The laminate consisted of approximately 19 layers with 0 with 256.5 orientation (relative to the axis of the cylinder and the loading direction of the specimens). The thickness of each filament-wound layer is three times that of each tape layer. of the T300/5208 laminates. The filamentwound laminate is unsymmetric. However, the grips fixed the specimen ends and prevented bending so that the laminate behaved as though it were symmetric. Thus, the elastic constants were calculated assuming that the laminate is When the applied load is fixed (not allowed to drop at first failure), laminates can only fail in two stages if the thickness is large enough that the first-ligament strength is less than the remaining-ligament strength like that in figure 11 . The minimum thickness occurs when the two curves for load versus a/t in figure 11 b. In hybrids, K is larger when the off-direction plies are stiffer Q 0 than those in the loading direction (0 plies).
2. Matrix properties are not important as long as the fibers carry most of the load and the matrix is strong enough not to crack or delaminate extensively. When the cut laminae failed, they a. Surface flaw analysis can be used directly to predict the stresses f o r the first failure when the cut depth is large compared to ply thickness. b. The final strength is equal to that of an uncut laminate of reduced thickness. c. Laminates with shallow cuts failed in one stage, much like metals.
APPENDIX
For an isotropic, homogeneous material, the stress intensity factor along the front of a semi-elliptical surface crack is given [14] by 1 (14) 1 1 1 1 1 1 1 1 1 l 1 1 1 1 
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